T eThered cord syndrome is a clinical condition characterized by traction on nerve roots and the spinal cord that can cause pain and neurological dysfunction. Patients often present with some form of neural tube defect and can suffer from symptoms such as back or leg pain, gait difficulties, lower-extremity weakness, sensory deficits, and bowel/bladder dysfunction. Initial treatment of tethered cord syndrome involves detethering, which consists of the surgical release of abnormal attachments between the neural elements and adjacent structures, thereby releasing undue tension on the spinal cord.
on these patients pose a technical challenge, and sequential surgeries are associated with a progressively increasing risk for iatrogenic injury as well as a diminishing benefit. 1, 23 Due to these limitations, new approaches to tethered cord syndrome have been proposed. Spinal shortening osteotomies avoid the problem of retethering by indirectly addressing recurrent lumbosacral scar formation from the thoracolumbar spine through a reduction in the distance tethered. In doing so, these procedures have been theorized to decrease tension at the point of tethering 15, 19 with good outcomes. 10, 11, 15, 19, 24 Although the benefits of shortening procedures in such patients are compelling, the extent of shortening required to achieve symptomatic relief compared with the limit at which iatrogenic injury can occur is not well understood. While tension previously has been investigated in human cadaveric models of tethered cord syndrome, 8 dural buckling has only been investigated in animal models. 1, 16, 19, 25 We hypothesized that 2 parameters define the boundaries of this region: tension reduction and dural buckling. The primary aim of this study was to better define the range of tension reduction and dural buckling in a human cadaveric model.
methods

Surgical technique
Six human cadavers fixed in formalin were used for 2 independent experiments. In all cadavers, subperiosteal dissections were performed to expose the lamina and facet joints in the lower thoracic spine. Using fluoroscopic guidance, pedicle screws were placed into the bilateral pedicles of T-8, T-9, and T-11 (range in screw size [width by length]: 4.35-5.0 × 40-45 mm). Smith-Petersen osteotomies (SPOs) were performed at T8-9. Pedicle subtraction osteotomies (PSOs) and vertebral column resections (VCRs) were performed at T-10.
The T-10 vertebra was selected as the PSO and VCR site because, in our experience, candidates for these procedures have undergone numerous lumbar surgeries, resulting in complex and extensive scarring. Many of these patients have exaggerated lumbar lordosis that may also increase the difficulty during exposure and the associated wound-healing risk. Therefore, we choose to avoid reoperating in the lumbar region to minimize wound dehiscence and potential CSF leak complications. The SPO only required a facetectomy, thus the lamina of only one and onehalf vertebral levels (T-10 and part of T-9) were removed. No additional decompression was performed immediately above or below the osteotomies for the SPO. A complete laminectomy was performed at the level of the PSO and VCR, along with one-half of the rostral adjacent lamina.
Smith-Petersen Osteotomy
An SPO was first performed by removing the spinous process of T-8. The inferior articular process of T-8 and superior articular process of T-9 were then removed bilaterally. These facetectomies were extended rostrally to the pedicles of T-8, caudally to the pedicles of T-9, and laterally across the entire facet complex. The ligamentum flavum was then removed.
Pedicle Subtraction Osteotomy
A PSO was performed by removing the inferior articular processes, lamina, facets, transverse processes, and pedicles of T-10, as well as some of the caudal lamina of T-9. The rib heads of T-10 were also removed and the nerve roots transected, followed by resection of a wedgeshaped portion of the T-10 vertebral body. The posterior height of the wedge was made as tall as possible, whereas only 1 mm of ventral vertebral body cortex was removed.
Vertebral Column Resection
After PSO experimentation was completed, the PSO was converted to a VCR by proceeding with a partial vertebrectomy of T-10 and additional removal of the T9-10 disc. The VCR was completed by removing the remaining vertebral column to create parallel surfaces between the remaining T-10 body and T-9 inferior endplate.
experiment 1: evaluation of Spinal osteotomies on Spinal cord tension
The tension measures were performed on 3 cadavers with intact heads. We used a tension meter (dynamometer) accurate to 0.1 g within a range of 0.1-225 g (First Class Pro; US Balance). A laminectomy was performed in the lower lumbar spine and the dura opened in the midline. The filum terminale was anchored to the distal end of the dynamometer with a silk suture tied in a Roman sandal fashion (Fig. 1) . A long pedicle screw was placed through the sacrum, and the proximal end of the dynamometer was fixed to it with a locking set screw. Each osteotomy was evaluated with 3 different trials of baseline tension: 10 g, 20 g, and 40 g, respectively. All 3 trials were completed for one osteotomy before proceeding to the next. For each tension trial, the filum was stretched until the desired baseline tension was set. The change in tension was measured at each interval of closure until the osteotomy could not be closed any further. The distance closed for each trial was the dorsal measurement between the remaining lamina of the adjacent levels.
The SPO was closed in 2-mm increments to a maximum of 6 mm. Rods were placed across the SPO and tightened to the baseline distance between T-8 and T-9. The PSO was performed, and tension measurements were obtained in 2-mm increments to a maximum of 14 mm of closure. Finally, a VCR was performed at the same level. The VCR was closed in 2-mm increments to 18 mm.
experiment 2: evaluation of Spinal osteotomies on dural buckling
Dural buckling was evaluated in 3 cadavers. A laminectomy was performed in the lower lumbar spine and in the upper thoracic spine (above and below the planned osteotomy sites). The thecal sac was tied off at these sites and distended with saline. Contrast (Omnipaque [iohexol], 240 mg/ml; GE Healthcare) was then injected in the expanded thecal sac between the ties. For each osteotomy, baseline lateral radiographs of the T8-11 levels were obtained. Subsequent lateral radiographs were taken at each interval of closure until the osteotomy could not be closed any further.
The SPO was closed in 2-mm increments to a total of 6 mm. Again, rods were placed across the SPO and tightened to the baseline distance between T-8 and T-9. The PSO was performed, and lateral radiographs were obtained every 2 mm during 14 mm of closure. Finally, the VCR was performed and closed in 5-mm intervals, since dural buckling was deemed to be consistent during the PSO portion of the experiment.
Three canal measurements were made: anterior dural buckling, canal width, and posterior dural buckling (Fig.  2) . All radiographs were uploaded into Adobe Illustrator CS6 (Adobe Systems, Inc.) configured with the SubScribe plugin (Astute Graphics Ltd.). Anterior dural buckling was measured by first drawing a fixed-length reference line between the most anterior part of the dura rostral and caudal to the level of the osteotomy. A line orthogonal to this reference was then drawn to the deepest point of dural indentation. The length of this line was defined as anterior buckling. Canal width was defined as the narrowest distance of the thecal sac at the osteotomy level. Posterior dural buckling was considered the orthogonal distance between the deepest point of dorsal dural indentation and an inferred reference line along the posterior dural margin. The marked-up radiographs were then uploaded into Adobe Photoshop CS6 (Adobe Systems, Inc.) to be measured.
Statistical analysis
The mean of the data was calculated from each osteotomy and trial. Given that the shapes of the curves generated by the 20-and 40-g trials approximated each other closely for each osteotomy ( Fig. 3A and B), we determined the mean of the results of these 2 trials to simplify the comparison with tension reduction. All tensions were reported as the percent change in tension from baseline. Anterior dural buckling, canal narrowing, and posterior dural buckling were each individually expressed as percentages of the sum of all 3. Percent total dural buckling was calculated as the sum of anterior and posterior buckling also divided by the sum of all 3 measurements.
One of the tension cadavers and one of the dural buckling cadavers were excluded from data analysis because of incongruous results secondary to desiccation of the spinal cord, dura, and filum. In one of the included tension cadavers, the PSO and VCR showed extremely variable tension reduction during the 10-g trial; thus, only the 20-and 40-g baseline data are reported. In this cadaver, pedicle screw fixation was also lost during compression of the SPO, thus the SPO tension data only derive from one cadaver.
results osteotomy effects on Spinal cord tension
Smith-Petersen Osteotomy
In the one cadaver that could be analyzed, the SPO minimized filum tension at 2 mm of closure (10 g: -16.1%). Tension returned to baseline levels by 6 mm of compression (Table 1) . Given the minimal result, the experiment was not repeated with 20-or 40-g baseline tensions.
Pedicle Subtraction Osteotomy
From the PSO, we saw the greatest change in tension within the initial 2 mm of closure (mean 20 g: -30.6% [n = 2]; mean 40 g: -37.4% [n = 2]; 20 g and 40 g combined mean: -34.0% [n = 4]) ( Table 1 , Fig. 3A and E). However, this was not sustained; we observed a relative mean tension increase of 9.6% (20 g; n = 2), 2.0% (40 g; n = 2), and 5.8% (20-and 40-g combined mean, n = 4) between 2 and 4 mm of closure. This increase was common to both curves.
Between 4 and 12 mm, we found linear patterns in every curve. The rates of tension reduction within these segments were 9.61%/mm (r 2 = 0.966) from the mean 20-g trial, 8 .10%/mm (r 2 = 0.983) from the mean 40-g trial, and Fig. 3A and E ). Yet between 12 and 14 mm of closure, we saw a relative mean tension increase of 11.3% (20 g; n = 2), 10.7% (40 g; n = 2), and 11.1% (20-and 40-g combined mean; n = 4), which disrupted the preceding linear relationship. Overall, the mean 40-g baseline trial demonstrated greater tension reduction than the mean 20-g baseline trial.
Vertebral Column Resection
The VCR curves exhibited rapid initial tension reductions and slowly reached plateaus. Again, we saw the greatest change in tension reduction within the initial 2 mm of closure (mean 20 g: -43.6% [n = 2]; mean 40 g: -36.5% [n = 2]; 20-and 40-g combined mean: -40.1% [n = 4]) ( Table  1 , Fig. 3B and F) . Given the complex curve, we isolated the 0-6-mm segment for linear regression. This portion of tension reduction was comparable between all curves ( Fig.  3B and F) . The rates of tension reduction were 24.9%/mm (r 2 = 0.939) for the mean 20-g baseline, 25 .0%/mm (r 2 = 0.959) for the mean 40-g baseline, and 24.9%/mm (r 2 = 0.953) for the mean of the 2 trials within this span.
Each curve achieved minimal residual tension with a different amount of closure. The mean 20-g trial decreased by 89.7% (n = 2) at 8 mm. The mean 40-g trial decreased by 87.5% (n = 2) at 12 mm. The curve depicting the average of these data sets decreased by 87.2% (n = 4) at 10 mm.
The mean 20-and 40-g curves began to diverge at the distance between their respective minima and 18 mm (Fig. 3B) . Between 8 and 18 mm of closure, the mean 20-g trial demonstrated a relative increase in tension (30.9%; n = 2), while the mean 40-g trial began to plateau, and only showed a 7.8% (n = 2) relative tension increase between 12 and 18 mm. The mean of these curves indicated a net relative increase in tension of 17.9% (n = 4).
osteotomy effects on dural buckling
Smith-Petersen Osteotomy
The SPO did not demonstrate dural buckling at any distance of closure (Table 2) . Pedicle Subtraction Osteotomy PSO dural buckling data are presented in Fig. 3C and Table 2 . PSO mean total dural buckling began at 2 mm of closure and steadily increased linearly. The overall rate of narrowing was 5.47%/mm (r 2 = 0.967). We observed maximal mean total buckling (39.9%; n = 2) at 14 mm of shortening.
Mean total buckling was attributable to both anterior and posterior components of dural buckling. Mean anterior dural buckling rose at a rate of 7.61%/mm (r 2 = 0.942) to 15.2% (n = 2) over the first 4 mm. Thereafter, mean anterior buckling plateaued, only achieving a maximum of 19.5% (n = 2). Mean anterior buckling made the largest contribution to mean total buckling within the first 4 mm of closure. In contrast, mean posterior buckling made the largest contribution after 8 mm (Fig. 3C) .
Mean posterior dural buckling did not begin until 8 mm of shortening. It increased linearly at a rate of 5.10%/mm (r 2 = 0.969) to a maximal level of 20.9% (n = 2) by 14 mm of closure.
Vertebral Column Resection
VCR dural buckling data are presented in Fig. 3D and Table 2 . Mean VCR total dural buckling increased linearly between 0 and 15 mm of closure. The rate of mean total buckling in this segment was 16.9%/mm (r 2 = 0.971). Mean total buckling plateaued at a maximal value of 53.9% (n = 2) with 15 mm of shortening.
Again, mean total buckling was attributable to both anterior and posterior components of dural buckling. Mean anterior buckling rose to 25.4% (n = 2) over the first 5 mm. It subsequently plateaued and only achieved a maximum of 33.5% (n = 2) within the next 10 mm of reduction. Linear regression was not performed, since the most substantial increase occurred between 2 adjacent data points. Mean anterior buckling made the largest contribution to mean total buckling within the first 5 mm of closure, while mean posterior buckling made the largest contribution after 5 mm.
Mean posterior buckling began after 5 mm and rose in a linear fashion to reach a maximum of 25.7% (n = 2) at 20 mm of shortening. The rate of increase was 8.58%/mm (r 2 = 0.975) within this distance.
discussion
In 1995, Kokubun 18 described the technique of spinal shortening and later applied the technique in lieu of traditional detethering to a series of 8 patients with lipomyelomeningocele. In 2006, Grande et al. 8 conducted a very similar cadaveric study to assess the effects of a VCR on spinal cord, nerve root, and filum tension. They reported that a reduction of vertebral column length of 15-25 mm achieved the same effect as a standard detethering procedure that required release of more than 90% of neural elements. Absent from both of these studies, however, was an assessment of the effect of spinal osteotomy closure on dural buckling.
In the current report, we have demonstrated that spinal osteotomies in the lower thoracic spine have a progressive ability to reduce spinal cord tension in a human cadav- 
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In contrast, the mean spinal cord tension fell substantially with both the PSO and VCR, in concordance with our expectations. Furthermore, when regression was performed on the identifiable linear segments, the VCR showed a rate of tension reduction nearly twice that of the PSO. There was an unexpected relative increase in tension between 2 and 4 mm of PSO closure. This was unique to the PSO and may have been due to experimental technique, as distraction of the PSO was necessary to achieve the baseline distance that was measured before surgery. This distraction may have added additional tension on the filum that overestimated the initial tension reduction and underestimated the subsequent 2-4-mm tension reduction relative to a higher than expected baseline.
At the end of the tension curves, both the PSO and VCR also showed a relative increase. This terminal increase in reduction was smallest for the 40-g VCR. This was a rather counterintuitive finding, since one would expect a higher baseline tension to show a greater tension increase. This could potentially be confounded by a change in tissue elasticity due to fixation or secondary to dural buckling, which was evaluated on separate cadavers.
As expected, canal narrowing due to dural buckling increased in both the PSO and VCR groups but, overall, increased at a faster rate and reached a higher maximum with the VCR than the PSO (Table 2 , Fig. 3C and D) . Overall, anterior and posterior buckling plateaued at the same level for each osteotomy, but at different distances of closure. The anterior component of dural buckling preceded the posterior component in both the PSOs and the VCRs. Since this observation was not osteotomy-specific, it could be related to the degree of kyphosis, as this seemed to vary between specimens. The rate of posterior buckling was also lower for both osteotomies. Thus, not only did posterior buckling occur later, but it also occurred more slowly, which would make the change less obvious. It may also be that the removal of posterior elements 3 or the thickness of the dura itself 9 allowed for the release of any dural buckling. Any of these factors could explain the observed differences between our study and that of Grande et al. 8 While the myelograms obtained during this study do not allow visualization of the spinal cord, previous research has demonstrated that the diameter of the human spinal cord at T-10 ranges from about 5 mm to about 9.5 mm in the transverse plane and from about 4 mm to about 8.5 mm in the sagittal plane. 17 The minimal canal width measured in this study (7. 73 mm after closure of the VCR) is within a range that may leave insufficient room for the spinal cord and could result in damage to the spinal cord itself. Although saline was injected into the thecal sac to simulate CSF in our model, such an approximation fails to account for the dynamic CSF pulsations seen in vivo. These pulsations may affect dural buckling parameters and physiological conditions; therefore, specific conclusions about dural buckling may be limited to the basic generalities that dural buckling can increase with more aggressive osteotomies and that anterior buckling typically proceeds posterior buckling.
The PSO tension and dural buckling curves came closest to intersecting at 12 mm, but they never crossed (Fig.  3E) . Overall, mean tension was reduced at a faster rate than dural buckling increased (Fig. 3E) . However, this relationship became less favorable at 14 mm, when tension increased (Fig. 3E) . Thus, we conclude that the region bounded by the 2 curves between 6 and 12 mm of compression may represent the most favorable ratio of tension reduction and dural buckling.
The mean tension and dural buckling curves for the VCR intersected just before 6 mm of closure (Fig. 3F) . The VCR afforded a better ratio of tension reduction to dural buckling than the PSO between 2 and 10 mm of closure, even despite a faster rate of dural buckling. This ratio became less favorable between 12 to 18 mm, but the benefit between the 2 curves was still greater for the VCR than the PSO. Thus, the region bounded by the 2 curves between 12 and 16 mm may suggest that the VCR is preferable to the PSO in patients requiring a greater degree of shortening.
Since spinal cord tension was minimized between 12 and 16 mm of closure using both a PSO and VCR with minor increases in dural buckling, we see this as the optimal safe range of closure if performing these procedures for recurrent tethered cord syndromes. Our findings conflict with those of the cadaveric study reported by Grande et al., 8 because their cohort required approximately 20 mm of closure to achieve an 80% reduction in tension. However, they only used a spinal cord/filum tension of approximately 5 g. Our methodology differed in that we simulated a tethered cord by varying the initial tensions among 10 g, 20 g, and 40 g. An adjustment of either one of our experiments to the same baseline tension might yield similar results. It is unclear how our dural buckling results would compare because Grande et al. did not report this parameter. However, our data highlight the need for caution and intraoperative monitoring if patients undergo spinal shortening beyond 16 mm.
Data collected from cadaveric models may be difficult to extrapolate to in vivo conditions because of properties such as biomechanical attributes, flexibility, and fixation. Furthermore, the specimens that were analyzed did not have spinal cord tethering and were likely of different demographics than most of the patients in the tetheredcord population. Thus, such patients' spines and neural elements may be different than the cadaveric specimens used. Another limitation of this study is the exclusion of data. We felt it was justified to exclude the 2 cadavers that provided incongruous results because these cadavers were confounded by desiccation. Desiccation may have affected our measurements by altering the elasticity/tension in the spinal cord and the compression/buckling of the dura. This could explain why these cadavers provided such paradoxical results. Additional factors not mentioned herein that vary from individual to individual may also explain why these 2 cadavers consistently provided outlier results. While the exact numbers and parameters reported herein may not be clinically translatable presently, basic general-izations gained from our analysis could serve as a basis for future in vivo research.
conclusions
We have demonstrated that significant reduction in spinal cord tension can be achieved with both PSOs and VCRs. We have also demonstrated that significant reduction in vertebral column height also causes dural buckling that may lead to neural compression. Approximately 12-16 mm of closure of either a PSO or VCR seems to mitigate the risks of dural buckling while allowing a significant reduction in spinal cord tension. However, future study is warranted on live animal models and in clinical series of human subjects undergoing this procedure to further support these conclusions.
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